Research in contextEvidence before this studyGlioma is the most common and aggressive primary brain tumor with polygenic susceptibility. The cytoplasmic/nuclear shuttling protein, SLC2A4RG, has been identified as a susceptibility gene in glioma, suggesting it as a potential driver in tumor development and progression.Added value of this studyOur research revealed a potential tumor suppressor role of SLC2A4RG that it could attenuate cell proliferation via G2/M phase arrest and induce glioma cell apoptosis by direct transactivation of caspase-3 and caspase-6. Furthermore, the interaction with 14-3-3θ will result in sequestration of SLC2A4RG in the cytoplasm and then promote tumor progression.Implications of all the available evidenceThe nuclear SLC2A4RG expression is substantial down-regulated in glioma and associated with poor prognosis of patients. 14-3-3θ negatively regulates the nuclear function of the tumor suppressor SLC2A4RG and maybe a promising therapeutic target of human glioma.Alt-text: Unlabelled Box

1. Introduction {#s0020}
===============

Glioma represents the most common primary brain tumors occurring in 4.67 to 5.73 per 100,000 persons \[[@bb0005]\]. Despite aggressive multimodal treatment, gliomas are still associated with a poor prognosis, with the most malignant type, glioblastoma (GBM) having a median overall survival (OS) of 12--15 months \[[@bb0010]\]. Recently, genomic analyses of glioma have provided new insight into the risk and prognosis. Our understanding of the polygenic susceptibility of glioma has been transformed by genome-wide association studies (GWAS), which have identified single-nucleotide polymorphisms (SNPs) at 13 loci with increased risk, such as 17p13.1 (TP53) for glioma, and 5p15.33 (TERT), 7p11.2 (EGFR), 9p21.3 (CDKN2B-AS1), and 20q13.33 (RTEL1) for GBM \[[@bb0015], [@bb0020], [@bb0025]\]. Coincidently, our replication study also confirmed 20q13.33 influencing risk \[[@bb0030]\], and found a SNP rs1058319 located in the 3'-UTR of SLC2A4 regulator (SLC2A4RG) in this region with a 2.06-fold increased risk for glioma (Cox regression *P* = 6.31E-15, 95%CI = 1.72--2.45) \[[@bb0035]\]. Further whole exome-wide association study also identified a missense variant rs8957 (E\[GAG\]233D\[GAU\]) in SLC2A4RG (Cox regression *P* = 9.58E-08, HR = 1.43, 95%CI = 1.25--1.63), and its functional contribution to glioma progression has been resolved \[[@bb0040]\]. As shown in previous results, the susceptibility gene SLC2A4RG probably played a vital role in tumorigenesis and glioma development.

SLC2A4RG was first identified for human transcription factors that bound specifically to Domain I which is located in the region of the SLC2A4 promoter \[[@bb0045]\], and was demonstrated its activity for modulating SLC2A4 expression \[[@bb0050]\]. A subsequent study found that SLC2A4RG also interacted with a 7-bp consensus sequence (GCCGGCG), which is an essential *cis*-regulatory element for Huntington\'s disease (HD) gene expression in neuronal cells \[[@bb0055]\]. All these indicate that SLC2A4RG is an important factor required for transcriptional regulation of some genes. Additionally, functional nuclear localization signal (NLS) and nuclear export signal (NES) were found in the structure of SLC2A4RG, and made it be a cytoplasmic/nuclear shuttling protein \[[@bb0055]\]. Protein localization is a highly dynamic biological process linked to delicate cellular function, but also is correlated with the outcome of cell proliferation and the response to apoptotic stress in cancer \[[@bb0060]\]. However, how SLC2A4RG functions being regulated in different cellular locations in glioma, as well as the mechanism involved in SLC2A4RG contributing to tumor progression, remains unclear.

Here we confirm that SLC2A4RG expression is down-regulated in glioma and associated with poor prognosis of patients, illustrate that the nucleus-localized SLC2A4RG induces glioma cell apoptosis by direct transactivation of caspase-3 and caspase-6 genes, and further demonstrate that the subcellular localization of SLC2A4RG is regulated by 14-3-3θ in the cytoplasm. These findings highlight the importance of SLC2A4RG in controlling glioma cell fate and its potential to be a therapeutic target for this tumor.

2. Materials and methods {#s0025}
========================

2.1. Cell lines and cell culture {#s0030}
--------------------------------

HeLa, Hek293T cells and the human glioma cell lines (U87, U251) were obtained from the American Type Culture Collection (ATCC) and cultured in DMEM with 10% FBS. Transfection was performed as instructed by the manufacturer. All cell lines used in this study were proved to be the absence of mycoplasma contamination.

2.2. Reagents {#s0035}
-------------

DMEM and Fetal Bovine Serum (FBS) were obtained from Gibco (Thermo Fisher Scientific, USA). The Annexin V-PE/7-AAD was purchased from BD biosciences (USA). The TRIzol Reagent was acquired from the Invitrogen (Thermo Fisher Scientific, USA). The ReverTra Ace was obtained from the Toyobo (Japan). The dual luciferase reporter assay system was purchased from Promega (USA). The Cell Counting Kit-8 kit was purchased from Dojindo Laboratories (Japan). The Caspase-3/Caspase-6 Activity Assay Kit was obtained from the Cell Signaling Technology (USA). The protease inhibitors cocktail was acquired from the Sigma-Aldrich (USA).

2.3. Patient samples {#s0040}
--------------------

The first independent cohort of fresh-frozen tissues from 16 LGG and 34 HGG glioma patients and 17 normal controls were obtained from the Department of Neurosurgery in Changzheng Hospital, Second Military Medical University (SMMU) (Shanghai, China) between June 2008 and July 2010. The second independent cohort of tissue microarrays containing 289 gliomas and 16 controls consecutively recruited from the Department of Neurosurgery in Changzheng Hospital, SMMU, between March 1998 and August 2010. The third independent cohort of fresh-frozen tissues from 18 LGG and 24 HGG glioma patients and12 normal controls were obtained from the Department of Neurosurgery in Changzheng Hospital, SMMU, between January 2010 and December 2013. Written informed consent was provided by all patients. The patient sample acquisition was approved by the Specialty Committee on Ethics of Biomedicine Research, Second Military Medical University.

2.4. Acquisition of primary glioma cells {#s0045}
----------------------------------------

Primary glioma cell G1 was derived from a patient with a glioblastoma, which was confirmed by two independent pathologists. The fresh tumor tissue was immerged in DMEM medium and transferred to the lab within half an hour after the resection of glioblastoma. Then, the mechanical cutting method was used to isolate glioma cells from the tumor tissue, followed by digestion with collagenases (1 mg/ml; Gibico 17,018,029) in 37 °C for 2 h. The 70 mm filter would remove undigested tissues, and the filtrate was collected and centrifuged for 5 min at the speed of 1200 rpm. The obtained cells, also named as G1 cells, would be counted, planted on cell plates, and cultured in DMEM with 10% FBS. Written informed consent was provided by the patient. The primary glioma cells acquisition was approved by the Specialty Committee on Ethics of Biomedicine Research, Second Military Medical University.

2.5. Flow cytometry analysis {#s0050}
----------------------------

Flow cytometry assay was carried out as reported previously \[[@bb0065]\]. The Cell cycle analysis was performed by propidium iodide staining. The percentage of cellular apoptosis was performed by Annexin V-PE/7-AAD staining.

2.6. RNA extraction and quantitative real-time PCR {#s0055}
--------------------------------------------------

The total RNA was extracted from cell lines and clinical specimens using TRIzol Reagent (Invitrogen) following the manufacturer\'s protocol. First-strand cDNA was synthesized using ReverTra Ace (Toyobo). The quantitative real-time PCR was conducted by ABI PRISM 7900HT Sequence Detection system. All PCR primers used in this study were listed in Supplementary Table S2.

2.7. Luciferase reporter assay {#s0060}
------------------------------

The wild-type and mutated putative SLC2A4RG binding sites within the caspase-3/-6 promoter region (Supplementary Table S2) were cloned into a pGL3-basic luciferase reporter plasmid (Invitrogen). The firefly and sea pansy luciferase activity were determined using the dual luciferase reporter assay system (Promega).

2.8. Immunohistochemistry assay {#s0065}
-------------------------------

The immunohistochemistry assay was performed on human specimens, and nude mice xenograft tissue to detect and score SLC2A4RG, caspase-3, caspase-6, and Ki-67 expression by methods described previously \[[@bb0070]\]. The immunohistochemical staining was scored by two independent pathologists in a blinded manner. In brief, the staining density was graded on a scale of 0--3 (0 for no cells stained, 1 for \<25%, 2 for 25--75%, and 3 for \>75%), and the staining intensity was also scored 0--3 (0 for no staining, 1 for light-brown staining, 2 for medium-brown staining, and 3 for dark-brown staining). The total immunoreactivity score of staining yielded from the scores for intensity and density. Nuclear SLC2A4RG expression was denoted as low (total score = 0) or high (total score ≥ 1), while Cytoplasmic SLC2A4RG was denoted as low (total score = 0 or 1) or high (total score \> 1) to divide the glioma patients into two groups.

2.9. Cell proliferation and colony formation assay {#s0070}
--------------------------------------------------

Cells were seeded in 96 well plates (2000 cells/well) in sextuple, and cell proliferation assay was performed by Cell Counting Kit-8 (CCK-8, Dojindo Laboratories) following the manufacturer\'s instructions. The optical density was measured at 570 nm wavelength using a microplate reader (EL × 800, BIO-TEK, USA). For colony formation assay, 1 × 10^3^ cells were independently seeded onto 60 mm culture plates in triplicate. After about two weeks, cells were fixed with 100% methanol and then stained with crystal violet. The total number of visible colonies in each dish was counted. These experiments were performed at least three times.

2.10. Caspase activity assay {#s0075}
----------------------------

U87 cells were harvested and washed three times with cold PBS. Caspase 3 or caspase-6 activity was measured as described in the protocol of the Caspase-3/Caspase-6 Activity Assay Kit (Cell Signaling Technology).

2.11. Immunofluorescence and confocal microscopy {#s0080}
------------------------------------------------

For immunofluorescence, cells grown on chamber slides were fixed 4% paraformaldehyde at room temperature for 30 min. After washing with PBS, cells were permeabilized with 0.25% Triton X-100 for 10 min. Then the cells were blocked with 1% bovine serum albumin for 20 min before incubation with primary antibodies in PBS at 4 °C for overnight. After washing with PBS, the cells were incubated with fluorescence-labeled secondary antibodies and DAPI for 1 h at room temperature. After washing with PBS, fluorescence-labeled secondary antibodies were applied, and DAPI was counterstained for 1 h at room temperature. The images were captured with a confocal microscope (LSM710, Zeiss).

2.12. Western blot {#s0085}
------------------

The tissue and cell samples were homogenized in lysis buffer containing a cocktail of 1% protease and 1% protease inhibitors (Sigma). Protein lysates were separated by 10% SDS-PAGE and transferred onto a PVDF membrane (Invitrogen), which were blocked in 5% milk for 1 h and then treated with the appropriate antibody at 4 °C overnight. The blots were visualized by an enhanced chemiluminescence detection system (Thermo Scientific, USA). ImageJ software (NIH) was used to analyze the Western blot results.

2.13. Protein--protein interaction studies {#s0090}
------------------------------------------

Co-immunoprecipitation (co-IP) was performed as previously described. Briefly, Whole cell extracts of Flag-SLC2A4RG and Myc-14-3-3θ co-transfected Hek293T cells were prepared in the presence of protease inhibitors cocktail (Sigma-Aldrich). Immunoprecipitation of Flag-SLC2A4RG was conducted by adding 10 μl of anti-Flag M2 affinity sepharose (Sigma) and incubated overnight at 4 °C. Finally, the immune-complex was detected by Western blot. The GST-pulldown assay was conducted as described previously \[[@bb0075]\].

2.14. Antibodies {#s0095}
----------------

The following antibodies were used: SLC2A4RG (AP1422c; Abgent), Histone H3 (9728, Cell Signaling Technology) CDK1 (19532-1-AP; Proteintech), Cyclin E (11554-1-AP; Proteintech), CDKN2A (10883-1-AP; Proteintech), Ki-67 (9449; Cell Signaling Technology), FLAG (M2; Sigma), Myc (9E10; Sigma), HA (MM5-101R; Convance), Actin (AC-74; Sigma), caspase-3 (9662S; Cell Signaling Technology), cleaved-caspase-3 (9664; Cell Signaling Technology), caspase-6 (9762; Cell Signaling Technology), PARP (9542; Cell Signaling Technology), IDH1 R132H (DIA-H09).

2.15. Animal studies {#s0100}
--------------------

All animal studies were performed using 6- to 7- week-old Balb/c nude mice. For subcutaneous xenograft experiments, U87 cells (1 × 10^6^) infected with SLC2A4RG overexpression or deletion lentiviruses and their corresponding control cells were subcutaneously inoculated into the right flanks nude mice. When tumors became palpable, tumor size was calculated by the following formula: 0.5 × length ×width^2^. Mice were sacrificed when the length of the largest xenograft reached 3 cm. For intracranial xenograft studies, luciferase-labeled U87 cells (3 × 10^6^) infected with SLC2A4RG overexpression or deletion lentiviruses and their corresponding control cells were inoculated intracranially into the striatum of nude mice via a stereotactic device. Tumor progression was monitored by bioluminescence imaging technique on day 7 and 21 after implantation. Mice were sacrificed when they displayed weight loss, rough coat, and hunching. All animal experiments were conducted with the approval of the Institutional Animal Care and Use Committee of Fudan University. All animal study was performed according to the Ethics Committee guidelines of Fudan University.

2.16. Statistics {#s0105}
----------------

All experiments were conducted in triplicate with means and SEM subjected to the Student\'s *t*-test or ANOVA in SPSS Statistics 17.0. Analysis of survival was conducted by Kaplan-Meier survival and Cox regression. (\*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001; ns, not significant.)

3. Results {#s0110}
==========

3.1. SLC2A4RG is decreased in glioma and serves as a prognostic factor {#s0115}
----------------------------------------------------------------------

To investigate the expression of *SLC2A4RG* in glioma individuals, we first measured its mRNA level in a cohort of 16 low grade glioma (LGG) and 34 high grade glioma (HGG) specimens and 17 normal brain tissues via quantitative RT-PCR. Significantly downregulated *SLC2A4RG* was found in HGG (Student\'s *t*-test *P* = 0.014), and a similar trend could also be seen between normal brain and LGG ([Fig. 1](#f0005){ref-type="fig"}a). Furthermore, immunohistochemistry (IHC) was conducted to analyze its protein expression in a tissue microarray containing 289 gliomas and 16 controls. Consistently, the immunoreactivity of SLC2A4RG was also decreased in HGG (*P* = 0.034), but not in LGG, when compared to normal brains ([Fig. 1](#f0005){ref-type="fig"}b-c). Subsequently, the cytoplasmic and the nuclear immunoreactivities were separated, no similar trend of cytoplasmic SLC2A4RG expression were observed among the three groups, but a dramatically downregulated nuclear SLC2A4RG with grade increasing did exist (ANOVA *P* \< 0.0001) ([Fig. 1](#f0005){ref-type="fig"}d-e). Similar results were observed under the criteria of IDH1 status and the histology (Supplementary Fig. S1). The percentages of cytoplasmic and nuclear SLC2A4RG were also calculated and showed an upward and a downward trend respectively ([Fig. 1](#f0005){ref-type="fig"}f-g). Also, western blot analysis of nuclear fractions from an independent series of 12 normal brain, 12 LGG, and 12 HGG specimens further validated a reduction of nuclear SLC2A4RG in glioma ([Fig. 1](#f0005){ref-type="fig"}h-i).Fig. 1The expression and prognostic significance of SLC2A4RG in glioma. (a) SLC2A4RG mRNA expression detected via RT-PCR in normal brains and human glioma specimens with different WHO grades. (b, d, and e) Total, cytoplasmic, and nuclear immunoreactivity scores of SLC2A4RG in the second independent cohort of normal brains, LGGs, and HGG. (c) Representative staining images of SLC2A4RG in normal brains and gliomas. (f and g) The percentages of cytoplasmic SLC2A4RG (f) and nuclear SLC2A4RG (g) in these specimens calculated based on b, d, e. (h) The protein level of nuclear SLC2A4RG analyzed in the third independent cohort containing normal brains, LGG and HGG specimens by western blot. (i) The fold change of SLC2A4RG protein is normalized to Histone 3A. (j) Kaplan-Meier curves were used to analyze the relationships between the total/cytoplasmic/nuclear SLC2A4RG immunoreactivity level and OS in glioma patients from the second cohort. Student\'s *t*-test, ns, no significant; \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001.Fig. 1

We then explored the relationship between the SLC2A4RG expression and clinical prognosis of glioma patients. Kaplan-Meier analysis was performed and found that patients with the low nuclear, but not the total and cytoplasmic, SLC2A4RG expression had a markedly shorter overall survival (OS) than those with high expression of nuclear SLC2A4RG ([Fig. 1](#f0005){ref-type="fig"}j and Supplementary Fig. S2).

3.2. SLC2A4RG regulates glioma proliferation and apoptosis in vitro {#s0120}
-------------------------------------------------------------------

To further address the biological importance of SLC2A4RG in glioma, we stably increased or depleted its expression in U87 and U251 cells with optimized lentivirus vectors ([Fig. 2](#f0010){ref-type="fig"}a). As determined by CCK-8 assay, both of SLC2A4RG-overexpressed U87 and U251 cells displayed a slower growth rate than that of controls, while targeting SLC2A4RG by shRNA-4 and shRNA-6 could markedly promote cell proliferation ([Fig. 2](#f0010){ref-type="fig"}b). Similar results in U251 cells were observed in colony formation assay ([Fig. 2](#f0010){ref-type="fig"}c). Meanwhile, primary tumor cells derived from a piece of fresh glioma tissue was also applied to verify the biological function of SLG2A4RG. As determined by the BrdU assay, cell proliferation was depressed by exogenous SLG2A4RG in primary human glioma G1 cells ([Fig. 2](#f0010){ref-type="fig"}d, supplementary Fig. S3). Then we examined whether cell cycle, as well as several important molecules involved in this process, was changed by SLC2A4RG in glioma. A significant elevation in the percentage of G2/M phase was identified in U87,U251, and G1 cells with SLC2A4RG overexpression (U87, 11.31% vs. 22.95%, Student\'s *t*-test *P* = 4.51E-05; U251, 18.80% vs. 40.56%, Student\'s *t*-test *P* = 3.647E-12; G1, 62.33% vs. 72.37%, Student\'s *t*-test *P* = 0.006), which also showed a reduction of CDK1 expression ([Fig. 2](#f0010){ref-type="fig"}e-f) and increased number of cells with sub-G1 phase (Supplementary Fig. S4). Conversely, both SLC2A4RG-depleted cells displayed an increased expression of CDK1when compared to the control respectively ([Fig. 2](#f0010){ref-type="fig"}f). These results indicated that SLC2A4RG might regulate glioma cell proliferation through cell cycle via CDK1. Moreover, overexpression of SLC2A4RG was also observed to substantially induce a higher proportion of apoptotic U87 (3.85% vs. 21.85%, Student\'s t-test *P* = 2.05E-04), U251 (1.80% vs. 15.69%, Student\'s t-test *P* = 3.28E-04) and G1 (9.60% VS.15.34%, Student\'s t-test *P* = 0.008) cells as judged by Annexin V/PE staining ([Fig. 2](#f0010){ref-type="fig"}g).Fig. 2SLC2A4RG controls glioma cell survival in vitro. (a) Western blot was used to examine the expression efficiency of SLC2A4RG in U87 and U251 cells with SLC2A4RG overexpression or knockdown. β-Actin serves as the loading control. (b) The growth curves of U87 and U251 cells with overexpression or depletion of SLC2A4RG described from day 1 to day 5. (c) The Growth of U251 cells with SLC2A4RG overexpression or depletion observed by colony formation assay. (d) The Edu/DAPI rate was calculated in primary human glioma G1 cells transfected with vector or SLC2A4RG. (e) Flow cytometry was detecting the cell cycle changes of U87, U251, and G1 cells with overexpressed or depleted SLC2A4RG. (f) The effects of SLC2A4RG overexpression or depletion on the expression of cell cycle-related proteins examined by Western blot. β-Actin serves as the loading control. (g) Flow cytometry with Annexin V and 7-AAD staining determining the changes of apoptosis in U87 and U251 cells under the condition of SLC2A4RG overexpression. Results analyzed by *t*-test presented as mean ± SEM. \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001.Fig. 2

3.3. SLC2A4RG inhibits glioma growth in vivo {#s0125}
--------------------------------------------

Our data demonstrated that SLC2A4RG negatively regulated glioma cell survival in vitro and suggested that it might play a major role in the modulation of glioma progression. To confirm the suppressor function of SLC2A4RG in glioma, we performed in vivo experiments with subcutaneous and intracranial xeno-transplanted tumor models. As shown in [Fig. 3](#f0015){ref-type="fig"}a, it was surprising that there was extremely little growth of tumors in nude mice injected subcutaneously with SLC2A4RG-transduced U87 cells, and the average weight of tumors developed from SLC2A4RG -overexpressing cells (0.342 ± 0.146 g) was also significantly lighter than those from the control cells (3.372 ± 0.339 g, Student\'s *t*-test *P* = 0.003). In contrast, tumors from SLC2A4RG-depleted U87 cells displayed faster growth rates and heavier tumor weight compared with the shLacZ group (shSLC2A4RG 4.780 ± 0.466 g vs. shLacZ 2.803 ± 0.410 g, Student\'s *t*-test *P* = 0.005; [Fig. 3](#f0015){ref-type="fig"}b). Subsequently, the role of SLC2A4RG in glioma could be better presented in intracranial xenograft mice, whose tumor progression was monitored by bioluminescence imaging technique on day 7 and 21 after implantation. Xenografts carrying SLC2A4RG-overexpressed U87 cells also showed a noticeable regression of tumor growth in comparison to the control group. On the contrary, mice bearing SLC2A4RG-depleted U87 cells showed a drastic increase in signal compared with the shLacZ group ([Fig. 3](#f0015){ref-type="fig"}c). Representative images for paralleled HE-stained tumor cytostructure were given in [Fig. 3](#f0015){ref-type="fig"}d, and immunostaining analysis revealed an elevation of Ki-67 expression (2.125 ± 0.427 vs. 5.125 ± 0.515, Student\'s t-test *P* = 0.004) in tumors derived from SLC2A4RG-depleted U87 cells ([Fig. 3](#f0015){ref-type="fig"}e-f). In addition, survival rates of different groups of intracranial xenograft mice were described by the survival curve that mice injected with SLC2A4RG-overexpressed cells exhibited the longest OS time ([Fig. 3](#f0015){ref-type="fig"}g).Fig. 3SLC2A4RG regulates glioma growth in subcutaneous and intracranial xenografts. (a and b) Growth curves, weights, and sizes of subcutaneous tumors derived from overexpressed (a) and depleted (b) SLC2A4RG U87 cells comparing to that of respective control groups. (c) Representative pseudocolor bioluminescence images of intracranial mice bearing SLC2A4RG overexpressed or depleted cells as well as control cells on the days as indicated. (d) Representative H&E staining for a pathological form of the intracranial tumor from each group; T, tumor. (e and f) IHC analysis of SLC2A4RG and Ki-67 expression in intracranial tumors developed from SLC2A4RG silenced or control U87 cells. (g) Kaplan-Meier curve determining the survival rate of mice with intracranial xenografts derived from overexpressed, depleted SLC2A4RG, and control U87 cells. Results analyzed by *t*-test presented as mean ± SEM. \*, *P* \< 0.05; \*\*\*, *P* \< 0.001; \#, *P* \< 0.0001.Fig. 3

3.4. Ectopic of nuclear SLC2A4RG induces glioma cell apoptosis {#s0130}
--------------------------------------------------------------

SLC2A4RG protein was reported to be equipped with a NES and a NLS \[[@bb0055]\]. As mentioned above, the survival analysis defined nuclear SLC2A4RG, but not cytoplasmic SLC2A4RG, serving as a prognostic factor for glioma patients. Within this context, we postulated that the subcellular location of SLC2A4RG might be essential for its function. We began by mutating both Arg-190 and Arg-192 to glutamic acid residues and both Leu-257 and Leu-260 to alanine residues to generate mutant NLS SLC2A4RG (SLC2A4RG-NLSmt = R190/192E) and mutant NES SLC2A4RG (SLC2A4RG-NESmt = L257/260A), respectively ([Fig. 4](#f0020){ref-type="fig"}a). C-terminal fusions of SLC2A4RG-wt, SLC2A4RG-NLSmt, and SLC2A4RG-NESmt to GFP were continued to be constructed to investigate the subcellular localization of SLC2A4RG. After HeLa cell transfection, SLC2A4RG-wt-GFP was localized in both the nucleus and cytoplasm and the majority was nuclear localization. Obviously, SLC2A4RG-NLSmt-GFP was accumulated exclusively in the cytoplasm, while SLC2A4RG-NESmt-GFP only localized in the nucleus ([Fig. 4](#f0020){ref-type="fig"}b). Collectively, these data indicated the functional NLS and NES of SLC2A4RG. Then the rate of apoptosis was further detected by flow cytometry analysis. When compared to the SLC2A4RG-wt vector, SLC2A4RG-NESmt could significantly increase the percentage of apoptotic U87 cells (13.37% vs. 18.66%, Student\'s *t*-test *P* = 0.006), whereas SLC2A4RG-NLSmt substantially reduced the apoptotic rate (13.37% vs. 8.17%, Student\'s t-test *P* = 0.016, [Fig. 4](#f0020){ref-type="fig"}c and d). Collectively, these data indicate that SLC2AR4G could induce glioma cell apoptosis, and its function mainly depended on the nuclear localization.Fig. 4Nuclear SLC2A4RG mainly induces glioma cell apoptosis. (a) A schematic drawing of SLC2A4RG protein with the positions of NLS and NES. (b) Confocal microscopy showing localizations of SLC2A4RG in Hela cells transfected with SLC2A4RG-wt-GFP, SLC2A4RG-NESmt-GFP, or SLC2A4RG-NLSmt-GFP. (c and d) Flow cytometry with Annexin V and 7-AAD staining determining the changes in U87 cells apoptosis induced by different localizations of SLC2A4RG. Results analyzed by t-test presented as mean ± SEM. ns, no significant; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001.Fig. 4

3.5. Nuclear SLC2A4RG regulates apoptosis via transactivation of *caspase-3* and *caspase-6* {#s0135}
--------------------------------------------------------------------------------------------

Potent effects of SLC2A4RG on cell apoptosis promoted us to investigate the mechanism underlying the downstream of SLC2A4RG. Previously, SLC2A4RG has been found to bind to the 7-bp consensus sequence (GCCGGCG) in a gene promoter region as a transcription factor \[[@bb0055]\]. We then performed a high-throughput screen of candidate genes with the GCCGGCG sequence located in the genomic region of −2000 - +1000 bp using the Ensembl database. The generated candidate genes were further selected by the correlation analysis (Pearson *r* \> 0.4) with *SLC2A4RG* in TCGA glioblastoma database and narrowed down to 186 potential targets (Supplementary Fig. S5). The DAVID pathway analysis showed that these overlapping genes were significantly enriched in cellular processes such as apoptosis and cell death (Supplementary Table S1). This result combined with our finding that SLC2A4RG participated in glioma cell apoptosis, impelled us to focus on candidate genes involved in the pathway. Then the two important apoptotic effector genes *caspase-3* and *caspase-6* were ferreted out. Several potential SLC2A4RG DNA binding sites in the promoter regions of *caspase-3* or *caspase-6* were predicted in the genomatix website (<http://www.genomatix.de>, [Fig. 5](#f0025){ref-type="fig"}a). Among these sites, site \#4 of *caspase-3* and site \#1 of *caspase-6* contained the full sequence of GCCGGCG. Accordingly, we examined the mRNA and protein expressions of caspase-3 and caspase-6, as well ascaspase-7, in SLC2A4RG-overexpressed and -depleted glioma cells to explore the relationship between SLC2A4RG and caspase-3 /caspase-6. As expected, both the mRNA and protein expressions of caspase-3 or caspase-6 were positively correlated with SLC2A4RG changes between SLC2A4RG-overexpressed and -depleted groups. In contrast, both the mRNA and protein expressions of caspase-7 didn\'t have a significant correlation with SLC2A4RG expression in these groups. ([Fig. 5](#f0025){ref-type="fig"}b, c and supplementary Fig. S6). The enzymatic activities of caspase-3 and caspase-6 were also substantially elevated by overexpression of SLC2A4RG but could be diminished in SLC2A4RG-depleted glioma cells ([Fig. 5](#f0025){ref-type="fig"}d). Besides, overexpressed SLC2A4R induced an increase of cleaved PARP, which was regarded as a classical substrate for caspase-3 and revealed an enhanced enzymatic activity of caspase-3 ([Fig. 5](#f0025){ref-type="fig"}c). The immunohistochemistry examination of caspase-3 and caspase-6 in the xenograft specimens consistently confirmed reduced expressions in the SLC2A4RG-depleted groups ([Fig. 5](#f0025){ref-type="fig"}e and f). All these findings pointed to that SLC2A4RG might regulate caspase-3 and caspase-6 in glioma, and the ChIP-PCR data further validated the mechanism underlying SLC2A4RG directly binding to promoters of these two caspase genes. As shown in [Fig. 5](#f0025){ref-type="fig"}g, in comparison to the IgG group, anti-FLAG antibody was markedly enriched by the detected site \#4 of *caspase-3* and site \#1 of *caspase-6* in the FLAG-SLC2A4RG infected U87 cells. Then a firefly luciferase reporter whose expression was turned on by the *caspase-3* promoter (*casp*-*3-*Luc) or *caspase-6* promoter (*casp*-*6-*Luc) was constructed and transiently transfected into HEK293T, U87, or U251 cells. Co-transfection of *casp*-*3-*Luc or *casp*-*6-*Luc with the vector expressing SLC2A4RG in all groups significantly increased the fluorescence strength as depicted inFig. 5 h. However, deletion of the site \#4 from the *caspase-3* promoter (△*casp*-*3-*\#4-Luc) and site \#1 from the *caspase-6* promoter (△*casp*-*6-*\#1-Luc) made apparent deficiency of luciferase expression when co-transfected with SLC2A4RG-expressing vector ([Fig. 5](#f0025){ref-type="fig"}h). Interestingly, the luciferase fluorescence strength was still higher in SLC2A4GR group than the control. This results suggested that the SLC2A4RG transactivated caspase-3 and caspase-6 mainly through binding to site \#4 in the caspase-3 promoter and site \#1 in the caspase-6 promoter. Meanwhile, SLC2A4RG also weakly bound to some other functional sites. Subsequently, shcaspase-3-2 and shcaspase-6-3 ([Fig. 5](#f0025){ref-type="fig"}i) targeting caspase-3 and caspase-6 respectively were chosen for the following study to investigate whether SL2A4RG-mediated cell apoptosis was triggered by directly regulating *caspase-3* or *caspase-6*. In SLC2A4RG-infected U87 cells, single knockout of caspase-3 or caspase-6 resulted in a significant decrease of cell apoptotic rate. Moreover, co-depletion of caspase-3 and caspase-6 strongly reversed the effect of SL2A4RG-mediated cell apoptosis ([Fig. 5](#f0025){ref-type="fig"}j and k).Fig. 5SLC2A4RG induces cellular apoptosis via direct transactivation of caspase-3 and caspase-6. (a) A schematic drawing of potential SLC2A4RG DNA binding sites in the promoter region for caspase-3 or caspase-6. (b) The mRNA expressions of *caspase-3* and *caspase-6* in U87 and U251 cells with overexpressed or depleted SLC2A4RG detected by RT-PCR. (c) Western blot confirming the protein levels of caspase-3, caspase-6, and PARP in SLC2A4RG-overexpressed or -silenced U87 cells. β-Actin serves as the loading control. (d) Detection of the relative enzymatic activity of caspase-3 and caspase-6 in U87 cells with overexpression or knockdown of SLC2A4RG. (e) IHC analysis of caspase-3 and caspase-6 in intracranial tumors developed from SLC2A4RG silenced or control U87 cells. (f) The expression scores of caspase-3 or caspase-6 in the two groups. (g) Exploration and validation of SLC2A4RG binding sites depicted in (a) with ChIP-PCR. (h) Dual-luciferase reporter assay determining the function of \#4 site or \#1 site on the expression of caspase-3 or caspase-6 when regulated by SLC2A4RG in HEK293T, U87, and U251 cells. (i) Western blot is analyzing the efficiency of shRNAs targeting caspase-3 or caspase-6 in U87 cells. β-Actin serves as the loading control. (j and k) Flow cytometry with Annexin V and 7-AAD staining determining the changes of SLC2A4RG-induced apoptosis in U87 cells after inhibiting caspase-3 or/and caspase-6. Results analyzed by t-test presented as mean ± SEM. ns, no significant; \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001.Fig. 5

3.6. Subcellular localization of SLC2A4RG is modulated by 14-3-3θ {#s0140}
-----------------------------------------------------------------

As demonstrated, the nuclear localization and the transcriptional function of SLC2A4RG were vital for SLC2A4RG-induced cell apoptosis in glioma. However, a decreased percentage of nuclear SLC2A4RG was found in our glioma specimens, especially in HGG. Increasing evidence suggests that malignant gliomas are characterized by an intrinsic resistance to apoptosis to evade elimination \[[@bb0080]\]. It is deduced that there may be some mediators restrain the transportation of SLC2A4RG from the cytoplasm into the nucleus. Co-IP and mass spectrometry hereby were performed to identify the potential mediators of SLC2A4RG. Among the proteins immunoprecipitated by FLAG-SLC2A4RG, six out of seven 14-3-3 isoforms were found to interact with SLC2A4RG probably ([Fig. 6](#f0030){ref-type="fig"}a). 14-3-3 proteins are well-known universal regulators binding a vast number of client proteins, and the interaction can have effects on the stability, activity, and localization of their partners \[[@bb0085]\]. Among the six isoforms, 14-3-3θ has the maximum number of peptides with the largest coverage rate. Moreover, previous studies have found that overexpression of 14-3-3θ significantly suppressed apoptosis induced by proteasome inhibitors in human glioma cells \[[@bb0090]\]. Collectively, 14-3-3θ was inferred to have the potential of interacting with SLC2A4RG.Fig. 6SLC2A4RG-induced cell apoptosis is regulated by 14-3-3θ in human glioma. (a) The table is showing the results of 14--3-3 proteins found in Co-IP & mass spectrometry experiments. (b) 14-3-3θ mRNA expression detected via RT-PCR in normal controls and gliomas of different WHO grades. (c) Immunoreactivity scores of cytoplasmic 14-3-3θ in the second independent cohort of tissue microarray. (d) Representative staining images of cytoplasmic 14-3-3θ in normal brains and gliomas. (e) The correlation between cytoplasmic 14-3-3θ and cytoplasmic/nuclear SLC2A4RG levels. (f) Western blot analysis of cell lysates and Co-IP samples from HEK293T cells transfected with vectors as depicted. (g) Physical interaction of SLC2A4RG and 14-3-3θ in vitro validated by GST pull-down assay. (h) Representative images of immunofluorescence stained with SLC2A4RG, HA-14-3-3θ, and DAPI in U87 cells transfected with indicated vectors. (i) Percentages of U87 cells transfected with HA-14-3-3θ or control calculated by cytoplasmic or nuclear SLC2A4RG fluorescence. (j) Relative fluorescence intensity analyzed by luciferase reporter assay in HEK293T, U87, and U251 cells transfected with different combinations of vectors to explore the effect of 14-3-3θ on caspase-3 and caspase-6 expressions. (k and l) Detection of the apoptotic U87 cells transfected with vectors as depicted and labeled with Annexin V and 7-AAD by flow cytometry. (m) Flow cytometry detecting changes in cell cycle distribution of SLC2A4RG-infected U87 and U251 cells in the absence or presence of 14-3-3θ. Results analyzed by t-test presented as mean ± SD. \*, *P* \< 0.05; \*\*, *P* \< 0.01.Fig. 6

A cohort of 12 normal brains, 18 LGGs, and 24 HGGs was then used for detecting the mRNA expression level of *14-3-3θ*. Significant upregulation of *14-3-3θ* was found in glioma specimens and showed the positive association with pathological grade ([Fig. 6](#f0030){ref-type="fig"}b). Moreover, IHC was conducted to analyze its protein expression in the tissue microarray. The 14-3-3θ expresses exclusively in the cytoplasm, and the immunoreactivity of 14-3-3θ was also significantly increased in LGG (Student\'s *t*-test *P* = 3.200E-04) and HGG (Student\'s *t*-test *P* = 1.345E-05), when compared to normal brains ([Fig. 6](#f0030){ref-type="fig"}c and d). In addition, Kaplan-Meier analysis found that patients with high cytoplasmic 14-3-3θ expression had a markedly shorter OS than those with low expression of cytoplasmic 14-3-3θ (39 vs. 54 months, *P* = 0.010, Supplementary Fig. S7). Intriguingly, we found that cytoplasmic 14-3-3θ levels were positively correlated with cytoplasmic SLC2A4RG (Pearson *r* = 0.242, *P* \< 0.01, *N* = 289), but negatively correlated with nuclear SLC2A4RG (Pearson *r* = −0.133, *P* \< 0.05, N = 289, [Fig. 6](#f0030){ref-type="fig"}e). Co-immunoprecipitation (co-IP) assay in HEK293T cells co-transfected with FLAG-SLC2A4RG and Myc-14-3-3θ was further performed to examine whether 14-3-3θ interacts with SLC2A4RG. As shown in [Fig. 6](#f0030){ref-type="fig"}f, Myc-14-3-3θ was distinctly immunoprecipitated by FLAG-SLC2A4RG, which was also confirmed by a GST pull-down assay that GST-SLC2A4RG, but not GST alone, specifically pulled down Myc-14-3-3θ ([Fig. 6](#f0030){ref-type="fig"}g). Next, immunofluorescence was introduced to detect the subcellular distribution of SLC2A4RG and 14-3-3θ. Endogenous SLC2A4RG was localized in both cytoplasm and nuclei of U87 cells, 75.47% of which showed stronger nuclear fluorescence ([Fig. 6](#f0030){ref-type="fig"}h and i). Intriguingly, exogenous HA-14-3-3θ changed the present cellular pattern and recruited more SLC2A4RG to co-localize to the cytoplasm followed by a significant decrease in the percentage of cells with strong nuclear SLC2A4RG fluorescence (75.47% vs. 49.53%, Student\'s *t*-test *P* = 0.016, [Fig. 6](#f0030){ref-type="fig"}h and i). In accordance with these findings in glioma, 98.33% of regular Hela cells displayed stronger nuclear SLC2A4RG fluorescence, which was only detected in 9.30% of Hela cells after transfected with HA-14-3-3θ (Student\'s t-test *P* = 6.18E-09; Supplementary Fig. S8).

Then we analyzed the expression levels of SLC2A4RG and 14-3-3θ in normal controls, *IDH1* mutation (grade I, II, III), *IDH1* wild type (grade I, II, III), and GBM samples. Compared to the normal controls, we found no significant difference of the total SLC2A4RG expression in *IDH1* mutation and *IDH1* wild type samples, whereas the cytoplasmic and nuclear SLC2A4RG showed a substantially upward and a considerable downward trend, respectively. Interestingly, we observed the cytoplasmic 14-3-3θ has a significant increase in these two groups compared with the normal controls (Supplementary Fig. 1A). This result further validated the phenomenon that we observed in the immunofluorescence experiment. We found that the increase of cytoplasmic 14-3-3θ could restrain the cytoplasmic SLC2A4RG into the nucleus, leading an increase of cytoplasmic SLC2A4RG and a decrease of nuclear SLC2A4RG ([Fig. 6](#f0030){ref-type="fig"}H and Supplementary Fig. S8). Similar effects were seen under the criteria of the glioma grade and histology ([Fig. 1](#f0005){ref-type="fig"}B, D, E, and Supplemental Fig. S1B). Accordingly, these data supported the effect of SLC2A4RG-14-3-3θ interaction on subcellular localization of SLC2A4RG.

To address the function of 14-3-3θ in regulating SLC2A4RG-induced phenotype in glioma cells, we first detected the expression changes of caspase-3 and caspase-6 in the presence of 14-3-3θ by luciferase assay. As expected, casp-3-Luc or casp-6-Luc in conjunction with 14-3-3θ considerably reduced the luciferase expression in Hek293T, U87, and U251 cells compared to the control group, respectively ([Fig. 6](#f0030){ref-type="fig"}j). The high percentage of the apoptotic rate of U87 cells caused by SLC2A4RG was also substantially inhibited after infection of exogenous 14-3-3θ (23.12% vs. 13.52%, Student\'s *t*-test *P* = 0.018, [Fig. 6](#f0030){ref-type="fig"}k and l). Furthermore, 14-3-3θ mainly reversed SLC2A4RG-induced G2/M arrest in both U87 and U251 cells ([Fig. 6](#f0030){ref-type="fig"}m).

4. Discussion {#s0145}
=============

In our previous and the current studies, we have addressed the roles of SLC2A4RG gene susceptibility in gliomagenesis, gene expression in predicting prognosis, and tumor suppressor function in glioma progression \[[@bb0035], [@bb0040], [@bb0045], [@bb0050], [@bb0055]\]. Our findings underscore nuclear SLC2A4RG in regulating glioma cell survival. We found that nuclear SLC2A4RG could transactivate directly *caspase-3* and *caspase-6* genes to induce cell apoptosis in glioma. However, this effect was attenuated by decreased of nuclear SLC2A4RG expression, and the cytoplasmic 14-3-3θ could negatively mediate nuclear localization of SLC2A4RG ([Fig. 7](#f0035){ref-type="fig"}). These data suggest that the SLC2A4RG and 14-3-3θ system may be a driver of glioma development and a potential target for cancer treatment.Fig. 7A proposed model for the role of SLC2A4RG in glioma cell.Fig. 7

As shown in the fine mapping analysis of GWAS, the rs1058319 T \> C variant in the 3'UTR of *SLC2A4RG* was associated with increased glioma risk \[[@bb0035]\]. Since 3'-UTR plays a pivotal role in modulating stability and translation of mRNA \[[@bb0100],[@bb0105]\], our experiment confirmed that the risk C allele decreased the expression of SLC2A4RG compared with wild-type T (Supplementary Fig. S9). The risk allele of rs1058319 may change the structural fold of SLC2A4RG mRNA that affects its stability or leads to the impaired polyadenylation process, which may explain why SLC2A4RG is down-regulated in glioma and needs further investigation \[[@bb0110], [@bb0115], [@bb0120], [@bb0125]\]. Moreover, the possible etiology of glioma associated with SLC2A4RG is also presented by another result that the G \> T transversion at rs8957 (E\[GAG\]233D\[GAU\]) might impair the nuclear export signal or protein folding of SLC2A4RG, resulting in excess accumulation of unphysiological protein in the nucleus \[[@bb0040]\].

Shuttling between the nucleus and the cytoplasm is inextricably linked to protein functions, while the transportation is regulated by various stimuli such as phosphorylation/dephosphorylation and stress response \[[@bb0130], [@bb0135], [@bb0140], [@bb0145]\]. The structural analysis reveals phosphoserine sites in the SLC2A4RG (NP_064446), which are the putative 14-3-3θ binding sites mediating the protein-protein interaction. 14-3-3 proteins participate in a wide range of biological processes through diverse regulatory mechanisms by binding to phosphoserine-containing motifs, such as signal transduction, cell cycle control, DNA repair, and apoptosis \[[@bb0150], [@bb0155], [@bb0160], [@bb0165]\], and a variety of their target proteins can be observed changes in subcellular localization, conformation, and enzymatic activity \[[@bb0170]\]. Furthermore, 14-3-3θ has been found in the majority of astrocytoma samples, and its expression was positively increased with pathologic grade \[[@bb0175],[@bb0180]\]. Consistently, we also found increased cytoplasmic 14-3-3θ and reduced nuclear SLC2A4RG expressions in the glioma cells. Taken together, our experiment indicated that 14-3-3θ would bind SLC2A4RG, and restrain SLC2A4RG in the cytoplasm in a phosphorylation-dependent manner in the process of glioma development.

Currently, nuclear/cytoplasmic shuttling of proteins has been regarded as a key mechanism for apoptotic regulation \[[@bb0060],[@bb0190]\]. Translocation of such proteins, especially a major of tumor suppressors, including p53, FOXO, and PTEN, plays an important role in tumor apoptosis \[[@bb0195]\], as well as cancer progression and treatment resistance \[[@bb0200],[@bb0205]\]. Our data validated that SLC2A4RG could act as nuclear/cytoplasmic shuttling and tumor suppressor protein regulating apoptosis of glioma cells. Besides, the activation of diverse of intermediate molecules involved in two central pathways: the extrinsic (death receptor) pathway and the intrinsic (mitochondrial) pathway, can stimulate the apoptotic cascade \[[@bb0210],[@bb0215]\]. After the signaling triggered, both the pathways converge on the same execution factors, mainly containing caspase-3, which will lead to cell death \[[@bb0220]\]. However, SLC2A4RG was showed to induce glioma cell apoptosis through the direct activation of two effectors caspase-3 and caspase-6 in our study. Given that the SLC2A4RG DNA binding sites were identified in the promoter regions of *caspase-3* and caspase*-6*, SLC2A4RG could directly transactivate *caspase-3* and caspase*-6*. Additionally, reduced glioma cell proliferation with G2/M phase cell cycle arrest was also found to be induced by SLC2A4RG. In the condition of cell apoptosis, caspase-3 and caspase-6 activation are thought to occur early and then triggers DNA fragmentation \[[@bb0225], [@bb0230], [@bb0235]\]. Whereas, cell mitosis will be prevented by G2/M DNA damage repair checkpoint when damaged DNA exists \[[@bb0240]\]. Presumably, the DNA fragmentation induced by caspase-3 and caspase-6 activation may contribute to the G2/M phase arrest. However, it should be noted that there are several limitations to this study. One is that the critical role of how SLC2A4RG-mediated regulation of caspase-3 and caspase-6 is still needed to be further studied. For example, the author should detect whether other cellular factors jointly interact with SLC2A4RG to mediate the expression of downstream targets. For another, this study showed that 14-3-3θ negatively regulates the nuclear function of the tumor suppressor SLC2A4RG and maybe a promising therapeutic target of human glioma. This mechanism needs to be further validated with 14-3-3θ inhibitor in vitro and in vivo.

Collectively, our results demonstrate that nuclear SLC2A4RG induces cell apoptosis in a new manner via direct transactivation of *caspase-3* caspase*-6* in glioma, but the interaction with 14-3-3θ will result in sequestration of SLC2A4RG in the cytoplasm and then promote tumor progression. Further understanding of the novel mechanism involved by SLC2A4RG in gliomagenesis and development may contribute to a useful therapeutic intervention.
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